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Abstract

Diabetic cardiomyopathy is characterized by diastolic and systolic cardiac

dysfunction, yet no therapeutic drug to specifically treat it. Hexarelin has

been demonstrated to improve heart function in various types of cardiomy-

opathy via its receptor GHS-R. This experiment aims to test the effect of

hexarelin on cardiomyocytes under experimental diabetes. Streptozotocin

(STZ, 65 mg/kg)-induced diabetic rat model was employed with vehicle

injection group as control. Daily hexarelin (100 lg/kg) treatment was per-

formed for 2 weeks after 4-week STZ-induced diabetes. Cardiomyocytes were

isolated by enzyme treatment under O2-saturated perfusion for single-cell

shortening, [Ca2+]i transient, and electrophysiology recordings. GHS-R

expression and apoptosis-related signaling proteins Bax, Bcl-2, caspase-3 and

9, were assessed by western blot. Experimental data demonstrated a reduced

cell contraction and relaxation in parallel with depressed rise and fall of

[Ca2+]i transients in diabetic cardiomyocytes. Hexarelin reversed the changes

in both contraction and [Ca2+]i. Action potential duration and transient

outward potassium current (Ito) density were dramatically increased in dia-

betic cardiomyocytes and hexarelin treatment reverse such changes. Upregu-

lated GHS receptor (GHS-R) expression was observed in both control and

diabetic groups after hexarelin treatment, which also caused antiapoptotic

changes of Bax, Bcl-2, caspase-3 and 9 expression. In STZ-induced diabetic

rats, hexarelin is able to improve cardiomyocyte function through recovery

of Ito K+ currents, intracellular Ca2+ homeostasis and antiapoptotic signaling

pathways.

Introduction

Diabetic cardiomyopathy (DCM) has been recognized

for decades after Rubler first found this clinical entity

without the presence of hypertension or coronary artery

diseases in 1972 (Rubler et al. 1972). It is characterized

by cardiac dysfunction initiated by significantly diastolic

disorders. Indeed, clinical evidence suggested that dia-

betic patients had obvious diastolic abnormalities but

not significant systolic dysfunction in earlier phase of

DCM (Hayat et al. 2004). Echocardiography studies

also showed that systolic dysfunction often occurred

long after establishment of diastolic dysfunction (Petrie

et al. 2002).

STZ-induced diabetic animal model has been used to

investigate DCM in many studies (Teshima et al. 2000;

Choi et al. 2002; Rithalia et al. 2004; Singh et al. 2006;

Aragno et al. 2012). Defect in dynamic changes of intra-

cellular calcium ([Ca2+]i) occurred causing reduced car-

diac contraction force and relaxation velocity (Choi et al.

2002; Rithalia et al. 2004). Action potential (AP) is a hall-

mark linking directly to myocardial contraction and relax-

ation, especially tightly linked at the single-cardiomyocyte

level. Previous studies on isolated cardiomyocytes from
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diabetic animals revealed that there was no change on AP

amplitude but prolonged AP duration (APD) (Nobe et al.

1990; Shigematsu et al. 1994). In forming action poten-

tial, Ito K+ current is mainly responsible for APD among

all transmembrane ion currents in cardiomyocyte (Casis

et al. 1998; Greenstein et al. 2000). Experimental study

on diabetic cardiomyocytes exhibited reduced Ito current

causing an increase in APD with delayed AP repolariza-

tion and a prolonged duration of Ca2+ influx through

voltage-gated Ca2+ channels (Yu et al. 1997). It was also

reported that prolonged APD inhibited Ca2+ efflux, caus-

ing cardiac diastolic dysfunction in DCM (Shigematsu

et al. 1994). Cell death is another contributor to cardiac

dysfunction or loss of cardiac contractility (Swynghedauw

1999). STZ-induced diabetic rat study exhibited that Bcl-

2 expression was significantly decreased with elevated Bax

protein content in diabetic cardiomyocytes (Westermann

et al. 2007). Hyperglycemia-induced myocardium showed

that apoptosis was mediated by increased caspase-3 activ-

ity (Cai et al. 2002). Inhibited caspase-3 and caspase-9

activation was effectively regulating the levels of proteins

related to apoptosis in H9c2 cells exposed to high-glucose

(Sun et al. 2014).

Growth hormone secretagogues (GHSs), including ghre-

lin and its synthetic analogue hexarelin, have exhibited car-

dio-protective effect in cardiomyopathy. Ghrelin, a 28

amino acid peptide produced in stomach, is the endoge-

nous ligand of GHS receptor (GHS-R) (Kojima et al.

1999). Synthetic GHS hexarelin also binds and activates

GHS-R (Bodart et al. 2002; Torsello et al. 2003; Bulgarelli

et al. 2009). Previous studies in this laboratory have shown

that ghrelin and hexarelin are able to recover contractility,

transient [Ca2+]i and ion channel activities in ischemia/

reperfusion injured cardiomyocytes (Ma et al. 2012, 2012).

Besides, hexarelin may attenuate cardiac fibrosis in hyper-

tensive rats and protect cardiomyocytes from angiotensin-

II-induced apoptosis (Pang et al. 2004; Xu et al. 2012).

Thus, we aim to investigate whether hexarelin has protec-

tive effect on impaired contraction, [Ca2+]i handling, ion

channel properties and apoptosis of cardiomyocytes in

streptozotocin (STZ)-induced diabetic rats.

Materials and Methods

Diabetic rat model

Male Wistar rats (6-week-old), weighing 150–200 g, were

used in the study. Animals were distributed into 2 groups:

24 nontreated control (NC) and 24 nontreated diabetes

(ND). Diabetic animals were prepared by the injection

intraperitoneally with a single dose of freshly prepared STZ

(65 mg/kg) and control animals only received the vehicle

as previously described (Flarsheim et al. 1996). Fasting

blood glucose level was determined by using Accu-Chek

glucometer (Roche, Indianapolis, IN) 72 h and 6 weeks

after STZ injection. Animals were considered to be diabetic

if there fasting blood glucose was at least 16.6 mmol/L.

After 4-week disease development, 12 control (hexarelin-

treated control, HC) and 12 diabetic (hexarelin-treated

diabetes, HD) rats were intraperitoneally injected with

hexarelin (100 lg/kg) every day for 2 weeks, others were

injected with vehicle buffer. All animal experiments con-

formed to the Guide for the Care and Use of Laboratory

Animals published by the Australian National Health and

Medical Research Council and was approved by the Ani-

mal Ethics Committees of The University of Queensland.

Ventricular cardiomyocyte preparation

Ventricular cardiomyocyte isolation has been described

previously (Sun et al. 2010b). Briefly, rats were anes-

thetized with sodium pentobarbitone (40 mg/kg). Hearts

were rapidly excised, placed in ice-cold Ca2-free Tyrode

solution, cannulated, and then perfused retrogradely with

Ca2-free Tyrode solution via the aorta on a Langendorf

perfusion apparatus until spontaneous contractions ceased

(~5 min). Following this, cardiomyocytes were isolated

from the left ventricle of each heart with Tyrode solution

containing 100 lmol/L CaCl2, 0.5 mg/mL collagenase

Type II (Worthington, NJ, USA) and 0.15 mg/mL pro-

teinase Type XXIV (Sigma, MO, USA). The Ca2+ level

was gradually increased to 1.5 mmol/L in 30 min. Quies-

cent cardiomyocytes with a rod shape, sharp edges and

clear striations were used in the investigation.

Measurement of sarcomere shortening and
intracellular Ca2+ transient

Sarcomere shortening was measured as previously

described (Sun et al. 2010a). In brief, isolated cardiomy-

ocytes were electrically stimulated at 0.5 Hz until contrac-

tion become uniform and 15–20 consecutive contractions

were recorded. The percentage of sarcomere shortening,

time-to-peak, time-to-90% relaxation, rate of shortening

and relaxation were determined by IonWizard software

(IonOptix Corporation, MA).

For examination of intracellular Ca2+ transient,

5 lmol/L Fura-2 AM (Invitrogen, CA, USA) was incu-

bated with cardiomyocytes for 10 min at room tempera-

ture. With stimulated cardiomyocytes at 0.5 Hz, Fura-2

fluorescence signals were recorded by an IonOptix Hyper-

switch dual-excitation light source (IonOptix Corpora-

tion, MA) at 340 and 380 nm and emitted light collected

in a photomultiplier tube. [Ca2+]i concentration was

inferred from the ratio (R) of the intensity of the emitted

fluorescence signals. Amplitude, time-to-peak, time-to-
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90% decay, rate of rise and fall of the derived [Ca2+]i
transient were determined by IonWizard software.

Electrophysiological recordings

The whole-cell patch recordings were previously described

with some modifications (Sun et al. 2010b). In brief, car-

diomyocytes were placed in a perfusion chamber

(0.45 mL) mounted on the stage of an inverted micro-

scope. After 10 min settle down, cardiomyocytes were

perfused with Tyrode solution with 1.5 mmol/L CaCl2 at

a flow rate of 2–3 mL/min. All recordings were obtained

at room temperature (20°C–23°C).
The glass microelectrodes were pulled from borosilicate

glass capillaries with inner filaments (Harvard Apparatus

Led., Edenbridge, UK) by Sutter P-87 microelectrodes puller

(Sutter Equipment Co., Novato, CA). The resistance of the

recording pipette filled with pipette solution was 2–4 MO.
All recordings were performed, using the Axonpatch 200A

amplifier (Axon Instruments, Foster City, CA). In our

experiment, capacitance and series resistance compensation

were optimized and 60–75% compensation was usually

obtained. Recorded signals were low-pass filtered at 1 kHz.

Data acquisition and analysis were conducted with pClamp

program (version 10.2, Axon Instruments).

AP was elicited by 1.5-fold excitation threshold current

pulses of 3 mesec in duration with 2 sec intervals between

pulses. Once the recordings were stabilized, 10 successive

APs were recorded and the average calculated for analysis.

The following parameters were obtained: AP amplitude,

resting membrane potential (RMP), and APD at 20, 50,

and 90% repolarization (APD20, APD50, and APD90,

respectively).

To record Ito, a 50 msec prestep of �40 mV from the

holding potential of �80 mV was applied to inactivate

INa. Ito was then evoked by the following test pulses from

�30 to +60 mV in 10 mV increments for 200 msec.

Steady-state inactivation of Ito was measured after a

500 msec conditioning prepulse from a holding potential

of �80 mV to potentials between �100 and 0 mV in

steps of 10 mV, followed by a test pulse to +80 mV for

200 msec.

Western blotting

Protein expression of the GHS receptor GHS-R, Bcl-2,

Bax, caspase-3 and caspase-9 was examined by Western

blot analysis. In brief, proteins were extracted from

minced rat left ventricles in lysis buffer. Extracted pro-

teins was denatured at 70°C (GHS-R) or 95°C (Bcl-2,

Bax, caspase-3 and caspase-9) for 10 min in 29 sample

buffer, separated on 10% SDS-polyacrylamide gels and

transferred to nitrocellulose membranes. After blocking,

the membrane was incubated with polyclonal rabbit anti-

GHS-R (1:500; Abcam, Cambridge, MA, USA), anti-Bcl-2

(1:500, Cell Signalling Technology, Danvers, MA, USA),

anti-Bax (1:1000, Cell Signalling Technology, Danvers,

MA, USA), anti-caspase-3 (1:1000, Cell Signalling Tech-

nology, Danvers, MA, USA) and anti-caspase-9 (1:1000,

Cell Signalling Technology, Danvers, MA, USA) primary

antibodies overnight at 4°C before incubation with the

corresponding secondary antibody (1:10,000) and detec-

tion with enhanced chemiluminescence (Pierce) according

to the manufacturer’s instructions. Rat b-tublin (1:2000)

was used as the internal control to allow semiquantitative

densitometry analysis on scanned films, using ImageJ soft-

ware (Fung et al. 2010).

Solutions and chemicals

The Tyrode solution had the following composition (in

mmol/L): 10 HEPES, 143 NaCl, 5.4 KCl, 0.5 MgCl2, 10

glucose, 20 taurine, and 1.5 CaCl2 (pH 7.4 adjusted with

NaOH). The intracellular recording pipette solution for

AP and Ito contained (mmol/L) 5 EGTA, 10 HEPES, 25

KCl, 5 MgATP, 1 MgCl2, and 125 potassium aspartate

(pH 7.25 with KOH). The AP was recorded with Tyrode

solution in the bath. After attainment of the whole-cell

configuration in Tyrode solution, Ito was isolated from

other overlapping currents by the addition of Ca2+ chan-

nel blocker nifedipine (100 nmol/L) and delayed rectifier

K+ channel blocker tetraethylammonium chloride (TEA-

Cl, 50 mmol/L) to the bath solution to eliminate Ca2+

and delayed rectifier K+ currents, respectively.

Statistical analysis

All data were expressed as mean � SEM One-way

ANOVA with Tukey post hoc test was carried out for

multiple comparisons as appropriate. In all comparisons,

the differences were considered to be statistically signifi-

cant at a value of P < 0.05.

Results

General features of diabetic rats with
hexarelin treatment

As shown in Table 1, increased blood glucose level,

decreased body and heart weight were observed in non-

treated diabetic (ND) rats. After hexarelin treatment,

body and heart weight significantly elevated in both

hexarelin-treated control (HC) and hexarelin-treated dia-

betic (HD) rats compared to nontreated control (NC)

and ND rats respectively. In addition, blood glucose level

of HD rats was partially recovered in comparison with
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ND rats however that of HC rats remained no change.

There was no significant difference in ratio of heart

weight and body weight among groups.

Effect of hexarelin on sarcomere shortening
and intracellular Ca2+ transients from
control and diabetic rat cardiomyocytes

The effects of hexarelin on control and diabetic rats car-

diomyocytes function were determined by cell shortening

and [Ca2+]i transients (Figs. 1 and 2). All measurements

were recorded with stimulation at 0.5 Hz.

Sarcomere shortening was expressed as percentage of

the rest sarcomere length (Fig. 1A). It was found that rel-

ative sarcomere shortening was dramatically decreased in

ND group compared to NC cardiomyocytes (Fig. 1D).

Associated with slow rate of shortening and relaxation

(Fig. 1E and F), ND rats also showed significantly

increased time-to-peak and time-to-90% relaxation

(Fig. 1B and C). After hexarelin treatment, cardiomy-

ocytes of HD rats exhibited recovered relative sarcomere

shortening, time-to-90% relaxation and rate of relaxation.

Time-to-peak and rate of shortening, however, were pro-

longed compared to ND group. Increased relative

Table 1. General characteristics of untreated control (NC), hexarelin-treated control (HC), untreated diabetes (ND), and hexarelin-treated dia-

betes (HD) rat.

NC HC ND HD

Body weight (g) 390.3 � 22.3*** 458.6 � 59.8## 270.5 � 23.3 317.1 � 26.0*

Heart weight (g) 1.25 � 0.19*** 1.64 � 0.09### 0.88 � 0.10 1.12 � 0.13*

Heart weight/body weight 0.0031 � 0.0006 0.0036 � 0.0003 0.0034 � 0.0004 0.0034 � 0.0005

Blood glucose (mmol/L) 6.40 � 0.55*** 5.76 � 0.75 29.40 � 2.68 22.82 � 4.32*

Data from NC, HC, ND and HD groups are shown in this Table with n = 16. Data are mean � SEM. Statistical comparisons were performed

with One-way ANOVA analysis. Note that #indicates comparison with NC group and *indicates comparison with ND group, ##P < 0.01,
###P < 0.005, *P < 0.05, ***P < 0.001.

HC

150 ms

NC
HD

ND

80

100
B CA

D E F

Figure 1. Effect of hexarelin on cardiomyocyte contractility from NC, HC, ND, and HD rats. (A) The representative superimposed traces of

sarcomere shortening from 100% in different groups. Increased (D) amplitude of contraction (percentage sarcomere shortening used in this bar

graph) was observed in both HC and HD group. Prolonged (C) time to 90% relaxation and (F) rate of relaxation in ND rats were normalized by

hexarelin treatment, whereas further increased (B) time to peak and decreased (E) rate of contraction were observed in HD group. n = 81, 84,

90 and 87 cells/6 rats from NC, HC, ND and HD group, respectively. Data were shown as means � SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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sarcomere shortening and time course were also observed

in HC cardiomyocytes (Fig. 1).

[Ca2+]i transients were shown as cytoplasmic fura-2

ratio changes. Accompanied with decreased sarcomere

shortening, a reduction in amplitude of [Ca2+]i transients

was observed in ND rats compared to NC group

(Fig. 2D). In addition, ND cardiomyocytes showed slow

time-to-peak and time-to-90% decay (Fig. 2B and C),

reduced rate of [Ca2+]i transients development and

decline in comparison with NC rats (Fig. 2E and F).

Hexarelin treatment recovered impaired [Ca2+]i transients

amplitude, prolonged the time courses and rate of rise

and fall in STZ-treated rats. Besides, hexarelin elevated all

measured parameters of [Ca2+]i transients in control

group.

Effect of hexarelin on AP and Ito from
control and diabetic rat cardiomyocytes

Figure 3 displayed results of RMP, AP and APD from

four groups of animals. There was no difference in RMP

among different groups of rats. Although an increase in

AP amplitude was observed in HC and HD cardiomy-

ocytes, it did not achieved significant. In APD measure-

ment, ND cardiomyocytes showed approximately 1-fold

slower in APD20, APD50 and APD90 compared to NC

group but hexarelin treatment made them recovered. No

significant difference observed in HC group.

To further characterize prolonged APD in diabetic car-

diomyocytes, we further investigated Ito which is mainly

responsible for APD (Casis et al. 1998; Greenstein et al.

2000). Ito was measured by applying whole-cell voltage

clamp for current recording. All the other currents were

eliminated from the whole-cell recording through applica-

tion of blockers and voltage presteps to �40 mV. Repre-

sentative traces shown in Figure 4 demonstrated that, with

increase in testing potential, declined Ito amplitudes was

observed in ND group in comparison with that of car-

diomyocytes in NC group. Current–voltage (I–V) relation-
ship analysis of Ito further proved a decreased current

density in STZ-treated cardiomyocytes, indicating that pro-

longed APD may be a result of decreased Ito. In addition,

the steady-state inactivation cure of Ito in ND rat cardiomy-

ocytes was left-shifted compared to that in control group,

reducing availability of Ito channels. After hexarelin treat-

ment, relatively normalized current density and right-shifted

inactivation curve were displayed in HD group, suggesting

hexarelin can restore decreased Ito and further recover pro-

longed APD in STZ-induced diabetic cardiomyocytes.

Effect of hexarelin on GHS-R expression of
ventricular myocardium from control and
diabetic rats

The expression of GHS-R in heart ventricles was exam-

ined by western blot measurement. As shown in Figure 5,

HC

HD

NC
ND

1.3

–0.1
0

B CA

D E F

Figure 2. Effect of hexarelin on cardiomyocyte [Ca2+]i transients from NC, HC, ND, and HD rats. The emission fluorescence ratio of Fura-2

from excitation of 340 and 380 nm was short for R in the figure and Ru represented ratio unit. (A) The representative superimposed traces of

cardiomyocyte [Ca2+]i transient from different groups. Significantly increased (D) amplitude of contraction was observed in both HC and HD

group. Prolonged (B) time to peak and (C) time to 90% decay of fluorescence in ND rats were normalized by hexarelin treatment. Hexarelin

also recovered and further increased the rate of [Ca2+]i transient (E) rise and (F) decay in HD and HC group. n = 63, 64, 68 and 65 cells/6 rats

from NC, HC, ND and HD group, respectively. Data were shown as means � SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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the level of GHS-R expression was decreased 50% in STZ

group compared to control. As a GHS-R ligand, hexarelin

treatment restored approximately 20% of GHS-R

expression in STZ-treated ventricular myocardium and

also significantly increased that of controls. Therefore,

hexarelin was capable of rescuing decreased expression of

Figure 3. Effect of hexarelin on membrane potential of cardiomyocyte from NC, HC, ND and HD rats. (A) Representative traces of AP from

different groups. No changes were found in (B) AP and (C) RMP. Prolonged APD was observed at (D) APD20, (E) APD50, and (F) APD90 in ND

cardiomyocytes. HD group showed normalized level of APD at (D) APD20, (E) APD50, and (F) APD90. n = 14, 18, 16, 13 cells/6 rats from NC,

HC, ND and HD group, respectively. Data were shown as means � SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

–80 mV
–40 mV

60 mV
10 pA/pF

100 ms

NC HC ND HDA

B C

Figure 4. Effect of hexarelin on calcium-independent transient outward potassium current (Ito) of cardiomyocyte from NC, HC, ND and HD

rats. (A) Representative traces of Ito from different groups. (B) The current–voltage (I–V) relation and (C) the steady-state inactivation of Ito. For

I–V relation, n = 11, 10, 12 and 13 cells/6 rats from NC, HC, ND and HD group, respectively. For steady-state inactivation of Ito, n = 10, 9, 12,

10 cells/6 rats from NC, HC, ND, and HD group, respectively. Data were shown as means � SEM.
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GHS-R in STZ-induced diabetic rat heart and increasing

that of normal rat heart, implicating that hexarelin

increased expression of GHS-R may contribute to the

beneficial effect of hexarelin on cardiomyocytes.

Effect of hexarelin on mitochondrial
apoptotic signaling of ventricular
myocardium from control and diabetic rats

As shown in Figure 6, the ratio of proapoptotic protein,

Bax and antiapoptotic protein, Bcl-2 was significantly

increased associated with upregulated apoptosis-activated

cascades, caspase-3 and caspase-9 in ND heart ventricles

compared to those in NC group. No significant effect of

hexarelin administration was observed on these protein

expressions in HC group. However, reduced ratio of Bax

and Bcl-2 was found after hexarelin treatment with

reduced levels of caspase-3 and caspase-9 expression, indi-

cating hexarelin was able to normalize mitochondrial-

related apoptosis (Fig. 6).

Discussion

In this study, defects of [Ca2+]i handling was associated

with depressed contractility, prolonged APD and mito-

chondrial signaling-initiated apoptosis in STZ-induced

diabetic cardiomyocytes, implicating these alterations con-

tributed to the development of diabetic cardiomyopathy.

Administration of hexarelin recovered the impaired

Ca2+ homeostasis and the depressed contractility. As a

Figure 5. Protein expression of GHS-R in heart ventricles from NC,

HC, ND and HD rats. The level of GHS-R protein expression was

determined by western blot analysis. Rat b-Tubulin was chosen as

an internal control. Densitometric quantification of GHS-R was

expressed as percentage relative to control. n = 6 from each group.

Data were shown as means � SEM, ***P < 0.001.

Figure 6. Protein expression of mitochondrial-mediated apoptotic marker in heart ventricles from NC, HC, ND, and HD rats. The ration of (A)

Bax/Bcl-2, (B) caspase-3, and (C) caspase-9 protein expression was determined by western blot analysis. Rat b-Tubulin was chosen as an internal

control. Densitometric quantification of caspase-3 and caspase-9 was expressed as percentage relative to control. n = 6 from each group. Data

were shown as means � SEM, **P < 0.01, ***P < 0.001.
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synthetic GHS, the cardio-protective effect of hexarelin

and its natural analog ghrelin has been well characterized

in both clinical patients and experimental animals (Bisi

et al. 1999b; Broglio et al. 2002; Sun et al. 2010a; Ma

et al. 2012a). Clinical studies showed that both hexarelin

and ghrelin administration improved cardiac output in

healthy volunteers with normal blood pressure and heart

rate (Bisi et al. 1999b). Further investigation on patients

with coronary artery disease (CAD) and GH deficiency

revealed that hexarelin and ghrelin treatment increased

left ventricular ejection fraction (LVEF) and cardiac out-

put without alteration of systemic vascular resistance and

heart rate (Bisi et al. 1999a; Broglio et al. 2002). These

results indicate that GHS is able to improve cardiac con-

tractility in both healthy individuals and patients with

onset heart diseases. Single mice ventricular myocyte

study in this laboratory exhibited that pre and posttreat-

ment with hexarelin and ghrelin normalized depressed

contractility and [Ca2+]i transient after I/R injury through

maintaining Ca2+ homeostasis by recovering sarcoplasmic

reticulum (SR) content, SR Ca2+-ATPase and ryanodine

receptor (RyR) activity (Ma et al. 2012a). Another study

on isolated adult rat cardiomyocytes from this laboratory

also showed that hexarelin and ghrelin exerted a dose-

dependent cardio-protective effect via GHS-R as these

beneficial effects was abolished after applying inhibitor of

GHS-R (Sun et al. 2010a). Up-regulation of GHS-R pro-

tein expression was observed with increased cell shorten-

ing and [Ca2+]i transient of both NC and ND rat hearts

in current study, indicating that hexarelin had a positive

inotropic effect on rat cardiomyocytes probably through

GHS-R signaling. Moreover, recovered contractility was

found in experimental study on STZ-induced diabetic rat

treated by obestatin (coproduct of ghrelin from proghre-

lin) with restored oxidative balance (Aragno et al. 2012).

Insulin treatment has been described to reverse depressed

contractility in diabetic rats and rabbits, too (Fein et al.

1981, 1986). Considering our results on decreased blood

glucose levels in high fat diet group, it is believed that

improved glucose metabolism is partially contributing to

normalized contractility and Ca2+ homeostasis in STZ-

induced diabetic hearts.

Present study also demonstrated prolonged APD with

unchanged RMP and AP in ND cardiomyocytes. APD

prolongation in diabetic cardiomyocytes led to suppressed

Ca2+ extrusion, resulting in increased net Ca2+ influx

(Shigematsu et al. 1994). Studies on AP of diabetic heart

revealed that decreased Ito was responsible for prolonged

APD (Shimoni et al. 1999; Qin et al. 2001). It was stated

that depressed Ito associated with lengthened APD by

abolishing influence from other currents (Shigematsu

et al. 1994). Furthermore, study on STZ-induced diabetic

heart revealed that, after 14 days of STZ injection, K+

channel gene expression was significantly downregulated

with decreased Ito current density (Qin et al. 2001).

Impaired glucose metabolism is another contributor to

suppressed function of Ito (Xu et al. 1996a,b; Shimoni

et al. 1999; Rozanski and Xu 2002). Voltage-clamp study

demonstrated a recovery of Ito current density in insulin-

or metabolic activator, dichloroacetate-treated diabetic

cardiomyocytes (Li et al. 2005). Specifically, STZ-induced

diabetic heart displayed a decrease in thioredoxin reduc-

tase with increased thioredoxin activity. Inhibitor of

thioredoxin reductase abolished the effect of upregulated

Ito caused by insulin and dichloroacetate. Moreover, nor-

malized Ito by insulin and dichloroacetate could also be

blocked by antagonist of glucose-6-phosphate dehydroge-

nase which produced NADPH required by thioredoxin

signaling system. These data indicated that Ito was regu-

lated in a redox-sensitive manner by thioredoxin system

and decreased thioredoxin reductase activity might lead

to suppression of Ito (Li et al. 2005). Similar study on

STZ-induced diabetic rats also elucidated that increased

oxidative stress was associated with diminished Ito den-

sity, resulting in a shift of redox state. Treatment with

antioxidant drug restored Ito density and recovered home-

ostasis of redox system (Xu et al. 2002), further indicating

that oxidative stress was major contributor to depressed

Ito.

A growing of evidence has showed that ghrelin acts

against oxidative stress by enhancing antioxidant defense

(Xu et al. 2007; Tong et al. 2012). It was stated that

endogenous ghrelin level was increased during early stage

of heart failure development to maintain myocardial

energy balance and improve cardiac function as a com-

pensatory self-protective factor. Ghrelin exerted antioxida-

tive and antiapoptotic effect through improving

myocardial mitochondrial function (Xu et al. 2007). In

vitro study on hypoxic injury of cardiomyocytes demon-

strated that ghrelin administration reduced ROS content

with increased Mn-SOD gene expression and activity via

AMPK-dependent pathway (Tong et al. 2012). Previous

study in this laboratory also revealed that both ghrelin

and Hex were able to rescue impaired Ito activity of car-

diomyocyte by decreasing MARK-ROS activity after I/R

injury (Ma et al. 2012b). As restored Ito density by

hexarelin was also observed in this study, it may conclude

that hexarelin recovers reduced Ito through improving

antioxidant function in STZ-induced diabetic cardiomy-

ocytes, further normalizes prolonged APD.

Cardiomyocytes are also susceptible to diabetes-induced

cell death. Clinical evidence showed that apoptotic myo-

cytes were 85-fold higher in diabetic patients than those

from control population (Frustaci et al. 2000). Study on

STZ-treated mice displayed an increase in myocardial cell

death. Insulin treatment ameliorated myocardial apoptosis
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with reduced blood glucose level in these mice, suggesting

hyperglycemia performed a predominate role in diabetes-

induced myocardial apoptosis (Cai et al. 2002). Mito-

chondria have been considered as a key regulator of

apoptosis with Bcl-2 family in variety of proapoptotic

conditions (Green and Reed 1998; Tsujimoto 1998). It

has been exhibited that apoptotic factor, release of cyto-

chrome C, is induced by proapoptotic protein Bax with

direct activation of caspases and occurrence of mitochon-

drial dysfunction such as loss of mitochondrial membrane

potential and increase in membrane permeability (Zoratti

and Szabo 1995; Liu et al. 1996; Susin et al. 1997; Jur-

gensmeier et al. 1998; Narita et al. 1998; Shimizu et al.

1998). Bcl-2, as antiapoptotic molecule, prevents release

of cytochrome C and inactivates caspases (Chinnaiyan

et al. 1996; Liu et al. 1996; Kluck et al. 1997; Yang et al.

1997). Mitochondrial mediated apoptosis has been well

documented in diabetic animal models and patients

(Frustaci et al. 2000; Cai et al. 2002; Li et al. 2009; Sun

et al. 2014). In vitro study on high glucose-treated H9c2

cell line demonstrated that increased cardiomyocyte apop-

tosis was associated with increased intracellular ROS level,

leading to elevated activity of caspase-3 and caspase-9

with depolarization of mitochondrial transmembrane

potential. Furthermore, in vivo investigation on STZ-

induced diabetic mice revealed that up-regulated Bax and

down-regulated Bcl-2 was accompanied by an increased

release of cytoplasmic cytochrome C (Sun et al. 2014).

Similar results were also observed in STZ-treated rat

models (Li et al. 2009). In this report, STZ-treated rat

hearts displayed increased ratio of Bax/Bcl-2 with

increased expression of caspase-3 and caspase-9, indicat-

ing developed apoptosis via mitochondrial signaling path-

ways in diabetic cardiomyopathy.

Mitochondrial mediated apoptosis, as stated above, was

recovered by hexarelin treatment in current research. In

vitro cardiomyocyte study showed that administration of

hexarelin decreased angiotensin-II-induced apoptosis in

H9c2 cell line through the upregulation of Bcl-2, down-

regulation of Bax, and inhibition of caspase-3 activity

(Pang et al. 2004), implicating that GHS exerted anti-

apoptotic effect on cell survival signaling pathways. The

results were further proved by in vivo study on rat model

with chronic heart failure (Xu et al. 2005). It was demon-

strated that hexarelin treatment dramatically decreased

apoptotic cell number via recovering imbalanced Bcl-2/

Bax ratio and elevated caspase-3 expression with increased

GHS-R gene expression. Besides, investigation on H9c2

cardiomyocytes illustrated that high glucose and palmi-

tate-induced apoptosis could be rescued by ghrelin expo-

sure through increasing anti-apoptotic expression which

further inhibited caspase-3 and caspased-9 activity to

retain mitochondrial membrane potential and reduce

cytoplasmic cytochrome C release. This ghrelin-induced

antiapoptotic effect was associated with activation of

PI3K/Akt signaling pathway, indicating GHS may have

cell proliferated effect to prevent apoptosis (Kui et al.

2009).

In conclusion, present study illustrated that hexarelin

treatment was able to restore STZ-induced cardiac dys-

function in single myocyte through normalization of

depressed contractility, maintenance of impaired Ca2+

homeostasis, recovery of prolonged APD and diminished

Ito, and inhibition of mitochondrial-mediated apoptosis

with upregulated GHS-R expression. These results suggest

that hexarelin is a potential therapeutic candidate for the

treatment of diabetic cardiomyopathy.
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